The multistep process regulating the maturation of membrane proteins in the endoplasmic reticulum (ER) and the secretory pathway is disrupted in many protein misfolding disorders. Mutations in the ion channel CFTR that impair its folding and subsequent localization to the plasma membrane cause cystic fibrosis (CF), an inherited and eventually lethal disease that impairs the function of multiple organs, mostly the lungs. Here, we found that proper maturation of CFTR is dependent on cross-talk between phosphorylation and methylation events in the regulatory insertion (RI) element of the protein. Manipulating these posttranslational modifications (PTMs) prevented the maturation of wild-type CFTR and instead induced its degradation by ER quality control systems. Deletion of Phe 508 (F508), the most prevalent mutation in CF, and other mutations in CFTR that impair its trafficking, such as N1303K, also led to quantitative and qualitative PTM changes that prevented the maturation of misfolded CFTR. Further analysis revealed that a wild-type CFTR-like PTM pattern and function was restored in F508 CFTR when cells were cultured at 28°C but only in the presence of the kinase CK2. Furthermore, the ability to replicate this PTM pattern predicted the efficacy of treatments in restoring F508 CFTR activity. Accordingly, evaluation of patient information revealed that point mutations of several of the modification sites are associated with clinical CF. These findings identify a minimal quantitative and qualitative PTM code for CFTR maturation that distinguishes correctly folded from misfolded CFTR.
INTRODUCTION
Cystic fibrosis (CF) is a fatal protein misfolding disease that affects more than 80,000 people worldwide and is characterized by progressive lung disease and pancreatic dysfunction (1) (2) (3) . The most prevalent mutation in CF patients is a deletion of Phe 508 (∆F508) in the CF transmembrane conductance regulator (CFTR), an ion channel (4) (5) (6) . The deletion impairs proper folding and trafficking of the mutant protein. Misfolded ∆F508 CFTR is energetically unstable and quickly degraded, resulting in nearly complete loss of channel function (7) (8) (9) (10) (11) (12) (13) . Misfolding of ∆F508 CFTR has previously been suggested to affect posttranslational modification (PTM)-dependent regulation of CFTR channel activity (14) (15) (16) . However, PTMs and functional cross-talk between different PTMs do not only regulate protein activity but also influence protein turnover, conformation, and localization, as well as interactions with other proteins (17, 18) . For example, PTM changes may play a role during partial restoration of ∆F508 CFTR ion channel function induced by a lower ("permissive") temperature (28°C) (12) , which also markedly remodels ∆F508 CFTR-protein interactions (19) . Although CFTR PTMs were among the first identified by mass spectrometry (MS) (14, (20) (21) (22) (23) (24) (25) (26) (27) and a number of studies show enhanced ubiquitination of ∆F508 CFTR (28) (29) (30) , it remains unclear how misfolding precisely affects the PTMs of ∆F508 CFTR and other misfolded CFTR mutants in vivo. Consequently, it is unclear what role PTMs might play during the rescue of misfolded CFTR function at permissive temperature (12) or how PTMs might regulate differential protein interactions that govern ∆F508 CFTR biogenesis and degradation (19) . Identification of ∆F508 CFTR PTMs, particularly those that are differentially regulated in comparison to wild-type CFTR, will be key to a better understanding of ∆F508 CFTR channel and cellular processing defects, and may enable the development of new strategies for therapeutic intervention in CF patients.
In this study, we investigated how protein misfolding changes the PTM landscape of ∆F508 CFTR, analyzed the functional relevance of such changes, and evaluated what role those PTMs had during rescue of function at permissive temperature or upon treatment with small molecules. By comprehensively identifying CFTR PTMs in patient-derived bronchial epithelial cell lines, we found that misfolding of ∆F508 CFTR leads to differential site modification and cross-talk between PTMs within previously unknown PTM hotspots. Our data further revealed how such changes affect CFTR maturation and function in primary bronchial epithelial cells and the Fischer rat thyroid (FRT) epithelial cell line and that specific PTMs determine successful maturation and trafficking of not only ∆F508 CFTR but also other CFTR mutants and can be used as predictors of ∆F508 CFTR function. most common PTMs-ubiquitination, phosphorylation, acetylation, and methylation-were included as differential masses in a standard peptide search (33) . In the second approach, all mass spectra that did not yield a peptide identification were searched again with ProLuCID Blind-PTM (34), a wide mass window search strategy that detects and reports systematic mass shifts of peptide fragment ions from the theoretical fragment ion masses of the corresponding unmodified peptide (35) and, therefore, allows the identification of modified peptides without previous knowledge of the modifying event(s). The mass differences reported by Blind-PTM were also used to confirm or correct PTM assignments reported in the initial forward search approach ( fig. S1 ).
Together, the experiments yielded more than 80% sequence coverage of the CFTR protein and identified 37 different PTM sites in either wild-type or ∆F508 CFTR, which included 20 phosphorylation, 6 methylation, and 11 ubiquitination sites. Although many other modifications of CFTR were also detected, most of these were either exceedingly rare (<0.03% of total CFTR spectra) and therefore not further considered here, or they reflect chemical modifications that commonly occur during sample handling, such as carbamidomethylation or loss of ammonia ( fig. S1D ). Of the 37 identified PTMs, >54% had not been reported previously (table S1 ). In particular, almost none of the methylation and ubiquitination sites have been reported. Most methylation sites were present only in wild-type CFTR, whereas most ubiquitination sites were detectable only in ∆F508 CFTR, likely reflecting increased targeting of ∆F508 CFTR for proteasomal and lysosomal degradation (28) . Mapping the PTM sites to the CFTR sequence revealed several "PTM hotspots" of roughly 50 amino acids in length, in which multiple PTMs cluster together (Fig. 1A) . The first hotspot from Lys 420 to Lys 464 covered part of the regulatory insertion (RI) element, an about 39-amino acid stretch of the nucleotide binding domain 1 (NBD1) that is intrinsically disordered and likely involved in folding of NBD1 (36) (37) (38) (39) ) overlapped either partially or entirely with the intrinsically disordered, regulatory (R) region. Wild-type CFTR hotspots were phosphorylated and contained methylation sites at the N or C terminus of each hotspot. However, the same sites in ∆F508 CFTR hotspots were preferentially ubiquitinated instead of methylated, and the ∆F508 CFTR hotspots contained altered phosphorylation amounts as well as additional phosphorylation and ubiquitination sites. Furthermore, hotspots overlapped with additional sequence motifs. For example, the hotspot Lys 564 to Lys 584 overlaps with the previously described di-acidic CFTR ER exit motif (Tyr 563 to Asp 567 , or YKDAD) (40) . This di-acidic ER exit motif was differentially modified in wild-type and ∆F508 CFTR. Whereas the wild-type CFTR ER exit motif was methylated at Lys 564 , the same lysine residue (Lys 564 ) in the ∆F508 CFTR ER exit motif was mainly ubiquitinated, along with an additional, ubiquitinated lysine downstream of the ∆F508 CFTR ER exit motif (Lys 584 ) (Fig. 1B) (Fig. 1C ). This pattern of mutually exclusive methylation (wild type) and ubiquitylation (∆F508) points to a more elaborate PTM code in which phosphorylation sites are preceded or followed by lysines that can be differentially modified to regulate specific functions or steps in CFTR biogenesis.
Misregulation of phosphorylation and methylation events in F508 CFTR
To quantify differences in abundance of specific PTMs between wild-type and ∆F508 CFTR, we combined CoPIT with stable isotope labeling (SIL) in a novel "balanced SIL approach" (fig. S2 ). In this approach, the eluate of ∆F508 CFTR immunoprecipitations (IPs) from "heavy"-labeled CFBE41o
− cells was mixed in a 1:1 ratio with the eluate of wild-type CFTR-IPs from non-isotope-labeled HBE41o − cells. Relative quantification of modified CFTR peptides was carried out after normalization to the average ratio of all nonmodified CFTR peptides identified for the wild-type and ∆F508 CFTR protein ( Fig. 2A) . If a peptide sequence is quantitatively modified by a PTM, the corresponding nonmodified peptide would deviate significantly from a 1:1 ratio in this approach, thus allowing the detection of modification changes regardless of whether the PTM-modified peptide was identified or not. For proof of principle, ∆F508 CFTR data were searched against a database containing only the wild-type CFTR sequence. In this case, the ratio for the peptide containing the F508 deletion drastically deviated from 1:1 with log 2 R ∆F508:wt = 5.28 ± 0.11, indicating exclusive presence in ∆F508 CFTR-expressing cells.
Balanced . Subsequent relative quantification experiments using TMT labeling confirmed decreased phosphorylation of ∆F508 CFTR in the RI element and increased phosphorylation of the ∆F508 R domain (Fig. 2B ). In addition, we observed increased phosphorylation of ∆F508 CFTR at the inhibitory site Ser
737
. Notably, it has been shown that phosphorylation of Ser 737 by either AMPK (adenosine monophosphate-activated protein kinase) or LMTK2 (lemur tyrosine kinase 2) increases endocytosis and, thus, removal of CFTR from the plasma membrane, which leads to an overall decreased CFTR chloride conductance at the plasma membrane (22, 23, (41) (42) (43) .
To precisely determine the amount of phosphorylation at each site in peptides containing multiple phosphorylation sites, we used synthetic, stable isotope-labeled peptides phosphorylated at either one of the sites, which were spiked into the sample before MS data acquisition. Quantification with these synthetic peptides showed that phosphorylation of the wild-type RI element is at least 10-fold higher at all three phosphorylated sites (Thr   421   , Ser   422 , and Ser
427
) than for ∆F508 CFTR (Fig. 2C) . Furthermore, no doubly or triply phosphorylated variants were identified, indicating that the RI element phosphorylation events are separate events that occur either at different points in time or in different cellular compartments. In addition, we confirmed a two to threefold increase in ∆F508 CFTR phosphorylation at both Ser 813 and Thr 816 over wildtype CFTR.
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Phosphorylation in the RI element by the kinase CK2 Exploration of a previously published CFTR interactome (19) (47) (48) (49) (50) revealed that phosphorylation by CK2 is essential for full maturation of wild-type CFTR (Fig. 3 , B to E). In the absence of CX-4945, newly synthesized, AHA-labeled wild-type CFTR molecules were first detected 30 min after the AHA pulse. These represented the nascent and core-glycosylated CFTR forms (bands A and B, hereafter A/B, in the blots) that are found in the endoplasmic reticulum (ER) (11, 51, 52) . Fully mature CFTR (band C in the blots), which has been complex-glycosylated in the Golgi apparatus (53) , was observed about 120 min after the AHA pulse. CX-4945 treatment substantially delayed appearance of nascent and coreglycosylated CFTR forms and reduced or prevented appearance of mature, fully glycosylated CFTR, indicating that, upon loss of RI phosphorylation, wild-type CFTR is no longer able to fully mature. Therefore, these phosphorylation events appear to be essential for correct folding and trafficking of wild-type CFTR in the early secretory pathway. In agreement, CK2 is well known to be localized to the cytoplasmic side of the ER and Golgi apparatus (54) .
To test whether decreased phosphorylation in the RI element correlates with known impairments in CFTR trafficking, we quantified Thr 421 , Ser 422 , and Ser 427 phosphorylation in the different CFTR mutants G551D, R117H, N1303K, and ∆F508 (55) (56) (57) . Whereas G551D and R117H mutations affect CFTR ion channel function but do not affect biogenesis as evidenced by the presence of band C, which represents fully glycosylated CFTR (Fig. 3F ), N1303K and ∆F508 CFTR both result in misfolding and impaired trafficking (57) replicates. *P < 0.0332, **P < 0.0021, ***P < 0.0002, and ****P < 0.0001 by unpaired, two-tailed t tests, analyzed and corrected by the Bonferroni-Sidak method.
( Fig. 3G) . Thus, CFTR mutants that mature normally and are trafficked correctly to the plasma membrane also display abundant phosphorylation at Thr 421 to Ser
427
, whereas misfolded CFTR mutants with impaired trafficking are either less or not at all phosphorylated at Thr 421 to Ser 427 . Furthermore, the amount of observed phosphorylation at Thr 421 to Ser 427 may be correlated to the amount of fully glycosylated CFTR (band C in the blot) that is present.
To validate that phosphorylation by CK2 is required for CFTR maturation in primary human cells, and in tissue other than lung, we performed AHA pulse chase experiments in primary human bronchial epithelial (NHBE) cells isolated from healthy individuals and in thyroid-derived FRT cells that express either wild-type or G551D CFTR. Complex glycosylation of wild-type and G551D CFTR was largely impaired or abrogated in these experiments in the presence of CX-4945 (Fig. 3 , H to K), confirming that maturation of CFTR is dependent on CK2 phosphorylation during early biogenesis in a native system as well as in thyroid-derived cell lines. Because inhibiting the CK2-mediated phosphorylation of Thr 421 -Ser 427 prevented full CFTR maturation in the Golgi and delayed core glycosylation of CFTR, these results argue for a phosphorylation of the RI element by CK2 in the ER or in the early secretory pathway.
To identify the mechanisms that are influenced by CK2 phosphorylation of the RI element during early biogenesis, we used Co-PIT to determine the wild-type CFTR interactome upon CX-4945 treatment (data file S1) and compared it with the previously published interactomes of wild-type and ∆F508 CFTR (19) . Results showed that CK2 inhibition induced protein-protein interactions that were characteristic for the ∆F508 CFTR interactome (Fig. 4) . In particular, treatment of wild-type CFTR with CX-4945 induced 61 of 76 previously observed ∆F508 CFTR-specific protein-protein interactions involved in ER quality control, retrograde trafficking, as , and Ser 427 in the various CFTR mutants described in (F) was quantified with spiked-in synthetic, heavy isotope-labeled peptides relative to the amount of mature CFTR present. Data are means ± SD of n = 4 independent measurements per site; statistical analysis noted below. (H to K) AHA pulse-chase assays in NHBE cells (H) and FRT cells expressing G551D or wild-type CFTR (K) treated with CX-4945 or DMSO. Subsequent quantification of newly synthesized immature CFTR (band B) and mature CFTR (band C) at the time points indicated relative to time 0 (J and L). Top panels show input and loading control. SA-HRP, streptavidin-conjugated horseradish peroxidase. Time of AHA labeling before CFTR-IP is indicated. Blots are representative, and data are means ± SD of n = 3 independent biological replicates. *P < 0.0332, **P < 0.0021, ***P < 0.0002, and ****P < 0.0001 by unpaired, two-tailed t tests with Bonferroni-Sidak correction (A) or one-way ANOVA with Tukey post-test (G, J, and L).
well as selective degradation of misfolded proteins and degradation by the ubiquitin-proteasome system (19) . Furthermore, methylation of wild-type CFTR at Lys 442 was no longer detected upon treatment with CX-4945. The experiments showed that wild-type CFTR fails ER quality control upon treatment with CX-4945, indicating that cross-talk between phosphorylation and methylation is used to distinguish between correctly folded and misfolded CFTR proteins.
Rescue of function by phosphorylation of the RI element in F508 CFTR
A temperature of 24 to 30°C (a so-called permissive temperature) partially restores ion channel function to ∆F508 CFTR in cells (12) . We therefore hypothesized this might also change the cross-talk between phosphorylation, methylation, and ubiquitination within the RI element. To test whether such PTM changes occur and contribute to the rescue of ∆F508 CFTR function, a balanced SIL experiment was carried out comparing the PTM pattern of ∆F508 CFTR in cells cultured for 24 hours at 30°C with that of ∆F508 CFTR at 37°C. The permissive temperature (30°C) at least partially restored wild-typelike phosphorylation in the ∆F508 CFTR RI element, with relative phosphorylation at Ser 422 and Ser 427 increasing more than 1.8-fold upon the temperature shift. This increase in phosphorylation was accompanied by replacement of ubiquitination with methylation at Lys 442 . Furthermore, ubiquitination at Lys 420 was no longer detected at the permissive temperature (Fig. 5A) .
We then stably expressed a CK2 (CSNK2A1)-specific short hairpin RNA (shRNA) , suggesting that CK2 mediates the phosphorylation of ∆F508 CFTR at these residues (Fig. 5B) . Loss of CK2 further affected ∆F508 CFTR phosphorylation in the R region, as it increased Ser 660 phosphorylation and decreased phosphorylation at Ser 700 . This differential phosphorylation might be specific to ∆F508 CFTR, because phosphorylation of wild-type CFTR at Ser 660 did not increase, but instead decreased, upon CX-4945 treatment. These results showed that permissive temperature at least partially restored CK2-mediated phosphorylation of the RI element and methylation at Lys 442 and that phosphorylation and ubiquitination of the RI element are functionally coupled to phosphorylation of the N-terminal part of the R region. In contrast, the extent of phosphorylation in the C-terminal part of the R region (Ser 813 and Thr 816 ) remained almost unaltered upon CK2 knockdown.
To evaluate the importance of CK2-mediated phosphorylation for functional rescue of ∆F508 CFTR at permissive temperature, CFBE41o − cells either stably expressing the CSKN2A1 shRNA or a scrambled control shRNA were cultured at permissive temperature of 28 to 30°C. Whereas the permissive temperature-induced ∆F508 CFTR maturation in control shRNA-expressing cells as expected (Fig. 5C, left panel) , loss of CK2 prevented the low temperatureinduced maturation of ∆F508 CFTR (Fig. 5C, right panel) . To further understand the physiological consequences of CK2-mediated phosphorylation of the RI element, we also determined chloride channel activity of ∆F508 CFTR at a slightly lower permissive temperature (28°C) and upon inhibition of CK2 activity. As expected, the permissive temperature promoted an increase in ∆F508 CFTR chloride channel activity in CFBE41o − cells treated with the vehicle (DMSO) alone (Fig. 5D, left panel) . In contrast, CX-4945 treatment prevented the increase in ∆F508 CFTR-specific chloride current at a permissive temperature (Fig. 5, D and E) . Moreover, shRNAmediated knockdown of CK2 also prevented an increase of ∆F508 CFTR chloride channel activity at permissive temperature, and no significant difference in ∆F508 CFTR chloride channel activity was observed between CFBEo41-CSNK2A1 shRNA cells at 37° and 28°C (Fig. 5D, right panel) . These results show that CK2-mediated phosphorylation of the RI element is essential for rescue of ∆F508 CFTR maturation and function at permissive temperature.
Direct correlation between CFTR PTM pattern and function
To test whether increased phosphorylation at Thr 421 , Ser 422 , and Ser 427 in the RI element and methylation of Lys 442 in the first PTM hotspot is a universal feature of successful CFTR maturation as indicated by the results of the pulse-chase experiments and the G551D and R117H CFTR mutants, and to find out whether other PTM changes further contribute to functional rescue of ∆F508 CFTR, we analyzed the CFTR PTM landscape at permissive temperature, upon treatment with different compounds (VX-809, SAHA, TSA, Corr-4a, DMSO, and CX-494), or upon knockdown of CK2 (Fig. 6A) . The results revealed that the relative PTM abundance or site occupancy correlated with the average relative increase or decrease in ∆F508 CFTR channel activity at permissive temperature or upon treatment with the different compounds (Fig. 6A) of ∆F508 CFTR was not reduced uniformly in all conditions that increased channel activity, and some compounds such as VX-809 and SAHA even led to ubiquitylation of ∆F508 CFTR at additional sites, located mainly in the NBD2. For example, treatment with 5 M VX-809 as well as knockdown of CK2 both induced ubiquitination of Lys
1284
, which in wild-type CFTR can be cross-linked with Cys 276 and forms an interdomain contact between NBD2 and cytoplasmic loop 2 (CL2) (63, 64) . Ubiquitylation of Lys 1284 would most likely abolish this interdomain contact. Such individual differences in the PTM landscape may help to explain the limited success of some compounds to induce a complete rescue of ∆F508 CFTR function.
Closer inspection of the data revealed that rescue efficiency correlated with how well the wild-type CFTR PTM pattern at 17 sites can be mimicked by ∆F508 CFTR, as the change in PTM abundances at these sites recapitulated the fold change observed in channel function increase (Fig. 6B) , and decreased ubiquitylation of lysines in the NBD2 (Fig. 6B) . When correlating the relative change of ∆F508 CFTR (E) Quantification of ∆I sc currents as log 2 fold change relative to control cells. All data are representative or means ± SD of n = 3 independent biological replicates. *P < 0.0332, **P < 0.0021, ***P < 0.0002, and ****P < 0.0001 by one-way ANOVA with Bonferroni post-test. At a permissive temperature, the wild-type code is reinstated and enables maturation of ∆F508 CFTR. However, if phosphorylation in the RI element is inhibited, then maturation at permissive temperature is blocked and the code resembles that of ∆F508 CFTR at 37°C. . These findings emphasize that enhanced phosphorylation of the RI element sites with concomitant reduced ubiquitination is necessary and a minimal prerequisite for promoting ∆F508 trafficking and channel function.
Clinical relevance of PTM site point mutations
Querying the CFTR mutation database (www.genet.sickkids.on.ca) and CFTR 2.0 database (57) revealed that point mutations that prevent phosphorylation (T421A, S549F, S549I, S549N, or S549R ) or lysine methylation (K464N) lead to severe clinical phenotypes associated with CF and congenital bilateral absence of the vas deferens (CBAVD) ( Table 1) . Furthermore, mutation of the methylation site Arg 751 (to R751P, R751C, or R751L) causes lung disease and is included in the CF carrier testing panel. These mutational analyses argue that the previously unknown phosphorylation and methylation sites are crucial for CFTR function in vivo and that loss of any of these sites is clinically relevant.
DISCUSSION
Phosphorylation has previously been thought to mainly regulate CFTR channel activity through a rather complex interplay between channel activating and inhibitory sites. Here, we show that phosphorylation of CFTR in the RI element serves a different role: It is crucial for proper CFTR biogenesis. Three different sites in the RI element were found phosphorylated (Thr ) by CK2, a kinase that is localized to the cytoplasmic side of the ER and Golgi apparatus (54) . It is likely that phosphorylation of all three sites is required for successful maturation, because wild-type CFTR and the G551D and R117H mutants that are correctly trafficked to the plasma membrane were phosphorylated at all three sites. Data from the CF mutation database (www.genet.sickkids.on.ca) reaffirm the importance of phosphorylation sites in the RI element for full CFTR function in vivo, because a single point mutation of T421 to A421 has been identified in a CF patient with CBAVD. The amount of phosphorylation at a given site in the RI element further correlated with how much fully mature CFTR (band C) was present, as shown in the different CFTR mutants G551D, R117H, N1303K, and ∆F508 CFTR. This suggested that the amount of phosphorylation directly determines the amount of fully glycosylated CFTR, for example, by determining the number of CFTR molecules that mature. As a possible mechanism, we suggest that marginally and nonphosphorylated CFTR is recognized by the cellular degradation machinery, because reduced amounts or absence of the phosphorylation leads to ubiquitination of Lys 420 and Lys
442
, which might mark CFTR for degradation, and because inhibition of wild-type RI phosphorylation by CX-4945 caused wild-type CFTR to interact with proteins that either recognize misfolded proteins, are involved in their retrograde trafficking, or promote CFTR degradation by the ubiquitin-proteasomal system. Such a mechanism would also explain why deletion of the entire RI element including the ubiquitination site Lys 420 leads to increased maturation of ∆F508 and wild-type CFTR in BHK cells (65) , because ∆RI CFTR might escape recognition by the degradation machinery during early biogenesis.
Furthermore, we discovered that changes in phosphorylation sites and amounts upon misfolding of ∆F508 CFTR are accompanied by replacement of adjacent methylation with ubiquitination sites. As methylation-phosphorylation hotspots overlapped with protein sequence motifs, such as the ER exit motif, phosphorylation accompanied by methylation could provide the cell with a specific signal to regulate different steps during CFTR biogenesis and may function as a "proceed" or "stop/degrade" signal. For example, ubiquitination, instead of methylation, of Lys 564 and Lys 584 surrounding the CFTR ER exit motif (amino acids 566 to 568) might signal that the protein is misfolded, preventing its association with Sec24 for cargo loading into COPII vesicles and thus its exit from the ER (40) . A K564E point mutation, which prevents methylation and changes the polarity of the site, has been associated with CBAVD in CF patients (Cystic Fibrosis Mutation Database, www.genet.sickkids. on.ca). Similarly, misfolded CFTR mutants with impaired trafficking showed not only reduced phosphorylation at Thr 421 -Ser 427 in the RI element but also replacement of methylation with ubiquitination at the flanking lysines Lys 420 and Lys
. Thus, replacement of methylation with ubiquitination might further signal that the protein is not correctly folded and should be degraded, whereby the replacement of methylation with ubiquitin indicates that the degradation at this point during the biogenesis is by ubiquitin-dependent mechanisms.
Rescue of ∆F508 CFTR function was also tightly correlated with increased phosphorylation of Thr 421 -Ser 427 in the ∆F508 CFTR RI element and was always accompanied by reduced ubiquitination of the flanking lysines Lys 420 and Lys 442 and, in some cases, by increased methylation of Lys
. Inhibiting phosphorylation of the RI element either by chemical inhibition or by knockdown of the responsible kinase prevented temperature rescue of ∆F508 CFTR, showing the importance of the phosphorylation sites in wild-type CFTR biogenesis and that the ∆F508 CFTR phosphorylation defect constitutes the trafficking defect that leads to CF. We thus suggest that cross-talk between methylation, ubiquitination, and phosphorylation events in the CFTR RI element represents a quantitative, combinatorial PTM code that regulates CFTR maturation and that the ∆F508 CFTR phosphorylation defect constitutes the trafficking defect that leads to CF (Fig. 6C) .
In summary, this study reveals that cross-talk between specific PTMs contributes to protein folding and quality control during protein maturation. It will be interesting to explore whether such a PTM code can be generalized and exists in other membrane proteins to regulate biogenesis.
Because misfolding of ∆F508 CFTR alters the CFTR methylationphosphorylation pattern, and these changes crucially contribute to ∆F508 CFTR degradation, assessing how misfolding mutations affect PTMs and the respective protein networks in other misfolding diseases not only should lead to new insight into how misfolded proteins are distinguished from correctly folded ones and to new insight into membrane protein maturation in general but also may open new avenues for therapy.
MATERIALS AND METHODS

Cell lines and cell culture
CFBE41o
− and WT-HBE41o − bronchial epithelial cell lines, which express ∆F508 or wild-type CFTR, respectively, as well as FRT cells expressing either wild-type, ∆F508, N1303K, G551D, or R117H CFTR were provided by J. Clancy (University of Alabama, Birmingham, AL) (66) . The CFBE41o − cell line was derived from a CF patient homozygous for ∆F508, whereas the wild-type cell line (HBE) was generated from CFBE41o − cells by reintroduction of F508 using SFHR (67) . CFBE41o
− and WT-HBE41o − cells were cultured at 37°C, 5% CO 2 in Advanced-MEM (Gibco, Carlsbad, CA) supplemented with 1% penicillin/streptomycin (Gibco), 10% fetal bovine serum (FBS; Gibco), and 2 mM l-glutamine (Gibco) and appropriate selective antibiotics. For stable isotope labeling with amino acids in culture (SILAC) labeling experiments, cells were cultured for more than six passages in lysine-and arginine-free SILAC-A-MEM (Gibco, custom medium), supplemented with heavy-labeled 
Coimmunoprecipitation
Co-IP was essentially carried out as described by Pankow et al. (19 
Coupling of antibodies to Sepharose beads
Antibodies recognizing CFTR were coupled to Protein G Sepharose 4 Fast Flow beads (GE Healthcare, Piscataway, NJ) at packed beads (6 mg/ml) and allowed to bind for 2 hours at room temperature. After washing twice with sodium borate (pH 9.0), bound antibodies were covalently cross-linked to the beads with 20 mM dimethylpimelimidate (Pierce) for 30 min at room temperature. The cross-linking was stopped by washing with 200 mM ethanolamine (Sigma-Aldrich), pH 8.0.
AHA labeling and click chemistry
HBE41o − , FRT, or NHBE cells at 90 to 95% confluence were methionine-starved for 1 hour by replacing the growth medium with AHA labeling medium [1× Hanks' balanced salt solution (Gibco), 10% dialyzed FBS (Pierce), 2 mM GlutaMAX (Gibco), 4 mM MgCl 2 , 4 mM CaCl 2 , and 1 mM sodium pyruvate (Gibco)]. Subsequently, the medium was replaced by AHA labeling medium containing 4 mM AHA (Life Technologies or Click Chemistry Solutions) or 4 mM AHA and 10 M CX-4945 (Santa Cruz Biotechnology) to label newly synthesized CFTR. At indicated time points (15 min to 4 hours), cells were harvested in TNI lysis buffer and lysates were stored at −80°C before carrying out CFTR-IPs using 50 g of mouse monoclonal 24.1 antibody (ATCC, produced at TSRI) or M3A7 (EMD Millipore) as described above. After CFTR-co-IP, beads were washed with TNI lysis buffer, followed by washing with TNI containing no detergent and rebuffering into 100 mM Hepes (pH 7.3). The click reaction was then carried out on-beads in deoxygenized 100 mM Hepes (pH 7.3) with 100 M tris(benzyltriazolylmethyl)amine (Sigma-Aldrich), 1 mM CuSO 4 (Sigma-Aldrich), 100 M biotinalkyne (Invitrogen, or Setareh Biotech, Eugene, Oregon), and Cu wire (49) and allowed to proceed for 2 to 4 hours at 4°C. Excess biotin-alkyne was removed by three washes with 100 mM Hepes (pH 7.3). Maturing CFTR was detected by Western blotting using streptavidin coupled to horseradish peroxidase (HRP) at 1:40,0000 dilution (Pierce, catalog no. 21130). Quantification of the AHA labeling experiments was carried out with ImageJ.
Western blotting
Protein lysates were prepared in TNI lysis buffer as described above and denatured in SDS sample buffer (69) , and bubbled continuously with 95% O 2 /5% CO 2 . The epithelial sodium channel was blocked with 100 M amiloride (Sigma-Aldrich). To isolate CFTR-specific apical Cl − current, CFTR was stimulated by forskolin (10 M, apical) and genistein (50 M, apical) followed by addition of CFTR inhibitor 172 (20 M, EMD Biosciences, apical). Measurements were carried out at 37°C, and short-circuit current (I sc ) was recorded and analyzed with Acquire and Analyze 2.0 (Physiological Instruments). The ∆I sc was calculated as the difference between the maximum I sc value reached upon forskolin/genistein stimulation and the I sc value obtained upon addition of CFTR inhibitor 172.
Sample preparation for MudPIT analysis and liquid chromatography-MS/MS
Samples were reduced with 5 mM tris(2-carboxyethyl)phosphine (TCEP) (Pierce) for 30 min at 37°C, alkylated with 10 mM iodoacetamide (Pierce) or chloroacetamide (Sigma-Aldrich) for 20 min at 25°C, and digested overnight with 3 g of sequencing-grade recombinant trypsin (Promega, Madison, WI). For double digests with trypsin and chymotrypsin, samples were split in half. One half was digested with 0.5 g of chymotrypsin for 3 hours, and the other half was digested with trypsin as described above. To inactivate RapiGest, formic acid was added to a final concentration of 9% after the digest, insoluble material was removed by centrifugation (15 min, 14,000 rpm), and samples were reduced to near dryness in vacuum. Purified peptides were resuspended in a small volume of buffer A (95% H 2 O, 5% N 4 -arginine (heavy)-labeled peptides (Thermo Fisher Scientific, custom synthesis) were mixed into the sample before loading onto the preparative column. The preparative column was connected by a small union body (Upchurch, Oak Harbor, WA) to an analytical reversed-phase column (115-mm fused silica; i.d., 100 m) packed with a 3-m Aqua C 18 resin (Phenomenex). Samples were analyzed by nano-ESI-MudPIT on an LTQ-Orbitrap XL, LTQ-Velos-Orbitrap, or Orbitrap-Elite (Thermo Fisher Scientific) by placing the triphasic MudPIT column in-line with an Agilent 1100 quaternary highperformance liquid chromatography pump (Agilent, Palo Alto, CA) and separating the peptides in multiple dimensions with a modified 10-step gradient [0, 10, 20, 30, 40, 50, 70, 80, 90 , and 100% buffer C (500 mM ammonium acetate/5% acetonitrile/0.1% formic acid)] over 20 hours as described previously (70) . Each full-scan mass spectrum [400 to 2000 mass/charge ratio (m/z)] was followed by 10 to 20 datadependent MS/MS scans at 35% normalized collisional energy and an ion count threshold of 1000 or 10 data-dependent MS/MS scans using HCD and an ion count threshold of 5000 using either an LTQ Orbitrap XL or LTQ Orbitrap Velos Pro (Thermo Fisher Scientific). Dynamic exclusion was used with an exclusion list of 500, repeat time of 60 s, and asymmetric exclusion window of −0.51 and + 1.5 m/z. Each sample was loaded onto a freshly prepared MudPIT column.
Mass spectrometry data analysis, PTM site confirmation, and quantification Raw files were extracted with RawConverter using monoisotopic peak extraction (71) . MS/MS spectra were searched with ProLuCID (34) against the human UniProtKB/Swiss-Prot database release date 2012-04, using a target-decoy approach in which each protein sequence is reversed and concatenated to the normal database (72) and in which sequence variations of CFTR were manually annotated. Using the Integrated Proteomics Pipeline version 3 (Integrated Proteomics Applications Inc., San Diego, CA), search parameters were set to 50 parts per million (ppm) precursor mass tolerance and half-tryptic specificity, with an allowed maximum number of internal missed cleavages of 1 or 2, minimum peptide length of 7 amino acids, and carboxyamidomethylation (m = 57.021464 Da) as a static modification. Phosphorylation (m = 79.9663 Da, residues S, T, and Y), ubiquitination (m = 114.042927, residue K), acetylation (m = 42.0106, residue K), monomethylation (m = 14.015650, residues K and R), dimethylation (m = 28.0313, residues K and R), and oxidation of methionine (m = 15.9949) were set as differential modifications with a maximum of three internal differential modifications allowed per peptide. Search results were filtered with DTASelect version 2.1 (73) to a peptide false discovery rate (FDR) of less than 0.5% (corresponding to a protein FDR of less than 1%), allowing either only fully tryptic or half-tryptic peptides, requiring a precursor mass deviation of less than 8 ppm from the theoretical calculated mass and a minimum deltaCN score of 0.1. Spectra of modified peptides were manually validated to confirm modification and modification sites. To validate phosphorylation sites automatically, we additionally used Ascore requiring a score of >15 (74) . The subset of nonidentified spectra was further searched with Blind-PTM, a large-window mass-tolerant search algorithm that uses MS/MS information and the high mass accuracy and resolution of precursor scans to determine possible mass shifts and identify unexpected PTMs (T. Xu, http://www.proteomicswiki.com/wiki/index.php/BlindPTM). The search window was set to −200 and +600 Da, and results were filtered with DTASelect 2.1. Mass shifts were interpreted using Unimod (www.unimod.org) and manual interpretation of spectra.
Quantitative analysis was carried out with Census (75) using the SILAC option in high-resolution mode (10 ppm tolerance for peak extraction) and proline conversion option (for SILAC samples) and requiring a determinant factor score of ≥0.5 and regression value of ≥0.8, except for singleton peptides for which we required a singleton profile score of ≥0.85.
Statistical analysis
Data are presented as means with SD or SEM of independent biological replicates indicated by n in each legend. Also, as indicated in each figure legend, data were analyzed for significance in Prism 7 (GraphPad Software Inc.) with one-way ANOVA with Tukey postcorrection or two-tailed unpaired t tests corrected by the BonferroniSidak method. P values <0.0332 were considered significant and are indicated in the data as follows: *P < 0.0332, **P < 0.0021, ***P < 0.0002, and ****P < 0.0001. Table S1 . Identified phosphopeptides. Table S2 . CFTR ubiquitination and methylation sites identified in the forward search. Data file S1. Interactome of wild-type CFTR in the presence of CX-4945.
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